Poly (3, 4-ethylenedioxy thiophene): poly(styrenesulfonate) hole transport layer (HTL) is deposited using a spray nozzle and gas pressure for atomisation. An electric field created by the voltage applied (500 volt) to the nozzle helps create coulomb fission and also the polarisation effect needed for annealing. SEM results show that the film morphology becomes much smoother when the voltage is applied. By four probe measurement it was found that sheet resistance got reduced (from -V measurement indicated conductivity enhancement due to the application of electric field. The process duration is only 2-3 min and the range of applied voltage is quite low as compared to other techniques.
Introduction
Poly (3, 4-ethylenedioxythiophene) :poly(styrenesulfonate) (PEDOT:PSS) is a conductive polymer, used as anode buffer layer or hole transport layer (HTL) in organic photovoltaic (OPV) devices [1] [2] [3] . It has many advantages like good transparency, good stability and high conductivity. Several techniques are used for the deposition of HTL like screen printing, roll to roll, inkjet printing, spin coating and spray coating [4] [5] [6] [7] . Among them, spray coating technique has advantages like easier thickness control, deposition on any kind of substrate and low consumption of material using diluted solution for deposition.
performance of the OPV devices. For instance, thermal annealing and solvent annealing are often employed to reduce the electric resistance of PEDOT:PSS. Thermal annealing is considered as an approach to remove the residual water, and also as a critical process for acquiring good morphologies, high optical transparencies and high conductivities of the PEDOT:PSS film [2, 8] . Solvent annealing is also an effective method to improve the properties of PEDOT:PSS by enhancing its conductivity. In this process it is found that the addition of high boiling point solvent can leads swelling and aggregation of colloidal PEDOT rich particles [9] .
As conductivity in the PEDOT:PSS film depends on the ratio of PEDOT to PSS [10] , a larger amount of PEDOT offers higher conductivity in the film [11] . It is reported that the content of PSS gets reduced, when the spin coating of PEDOT:PSS is done under the action of electric field [12] . This results in an enhancement of the ratio of PEDOT to PSS in the film and there is an increment in the efficiency of the OPV device. Since an electric field of 6×10 3 V/cm is required to effect the change, the range of applied voltage is correspondingly high. We have developed a spray deposition process under an applied voltage thus incorporating the electric field annealing as an integral part. An additional electric pressure (electrostatic assisted spray) during the atomisation (due to gas pressure) results in creating the polarisation effect during spray deposition of PEDOT: PSS layer. The results of our experiments clearly establish the advantage of this process in improving the layer characteristics similar to the reported effects achieved by the other annealing processes.
Experimental details
The spray deposition setup is kept inside a thermally insulating chamber made of fiber reinforced plastic. The desired spray solution and the carrier gas (nitrogen) are brought into the chamber through the connecting tubes to the spray nozzle which is fixed inside a Teflon box as shown in Fig. 1 . An electric field is applied by connecting a high voltage power supply between the nozzle and a circular metal electrode. We deposited PEDOT: PSS film by spray process for different deposition parameters given in Table 1 . PEDOT:PSS was dissolved in distilled water to prepare the precursor solution. An electric field created by the application of 500 volt between the nozzle and the circular electrode was applied during the spray deposition of PEDOT:PSS. The deposited films were characterised by scanning electron microscopy (SEM) using ZEISS EVO-50 model, four probe method for sheet resistance measurement using Keithley Source Measure Unit (SMU) 2602 as a voltage source and electrometer 6517B for current measurement and the I-V measurement was done using SMU 2602.
Results and discussion
Scanning electron micrographs of PEDOT:PSS film (at 2000 magnification) deposited by the spray process without the application of electric field (0 volt) is shown in Fig. 2(a) . It is clear that there is circular types of structure formation, which seems to be for large droplet splat. Figure 2(b) shows scanning electron micrographs (also at 2000 magnification) for PEDOT:PSS thin films deposited in the presence of electric field with an applied voltages of 500 volt. After application of the electric field surface morphology of spray deposited PEDOT:PSS film gets smoother due to smaller droplet splat size, which is useful for improving the device performance. The sheet resistance of the spray deposited PEDOT:PSS film measured by four probe method without the electric field is 400 ohm/square. It gets reduced to 75 ohm/square on the application of electric field during the spray deposition.
For I-V measurement, PEDOT:PSS layer is spray deposited on cleaned ITO substrate, had gold contacts made by thermal evaporation process. The voltage is applied between the top gold electrode and the bottom ITO contact. I-V characteristics of ITO/PEDOT:PSS/Au device is shown in Fig. 3 . The I-V curves also show that the application of electric field results in a reduction of the film resistance. This decrease in sheet resistance and I-V resistance indicates the conductivity enhancement of deposited PEDOT:PSS film.
Conclusion
In this paper we present a simple electric field assisted spray process for PEDOT:PSS film deposition, This process of spray deposition eliminates the need of post deposition process. Smooth film of PEDOT:PSS can be easily formed by this technique. Reduction in sheet resistance and I-V resistance is observed for the films deposited with an applied voltage of 500V. The results suggest that spray deposition of PEDOT:PSS with application of electric field can be a useful approach for the conductivity enhancement of the HTL film and will results in the efficiency improvement of OPV devices.
